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Abstract. In this paper the performance of a commercial Lean NOx Trap (LNT), for controlling NOx 
emissions in an automotive diesel engine was analyzed with the aim to investigate its catalytic proper-
ties and to build a simulation model of the aftertreament device. 

In the first step, experimental tests including light-off, Oxygen Storage Capacity (OSC) and NOx 
Storage and Reduction (NSR) were performed on a lab scale sample extracted from a full-scale mono-
lith. Light-off tests have been conducted under a temperature ramp cycle from 125°C to 300°C, at a 
rate of 3 K/min and a space velocity of 80,000 1/hr. 

OSC tests were performed with the aim to characterize the oxygen storage capacity of ceria sites 
and the water gas shift reaction over the precious metal, considering 10% H2O, 5% CO2, 0.5% O2, and 
balance N2 at the inlet during the lean phase and 10% H2O, 2% CO and balance N2 during the regen-
eration phase. 

NSR experiments were then carried out by alternating a lean inlet composition to reproduce the ad-
sorption/desorption of NOx with a rich inlet composition fed with three different reductants H2, CO, and 
C3H6 to replicate the NOx reduction reactions. Both OSC and NSR were isothermal experiments per-
formed at five different temperature levels equally spaced in 1/T starting from 150°C to 400°C and at a 
standard space velocity of 30,000 1/hr. 

Afterwards, an LNT model was built by means of a 1-D engine simulation fluid-dynamic code, GT-
Power developed by Gamma Technologies Inc., in order to assess the impact of different reaction 
pathways and reaction parameters. NO oxidation, NOx adsorption/desorption, oxygen storage and 
NOx reduction reactions which mainly govern the LNT operation were analyzed in detail, and reaction 
parameters, such as activation energies and pre-exponent multipliers, were properly calibrated using 
Arrhenius plot with the aim to minimize the root mean square error between simulated and experi-
mental concentrations of NOx and reductants (CO, H2 and HC) in addition to N2O and NH3, reaching a 
satisfactory agreement with experimental results showing maximum 3 °C difference in light-off tem-
perature and maximum 10% difference in prediction of NOx conversion efficiency in the reactor scale 
calibrated model. 
 
Notation  
cpsi cell per square inch. 
CFD Computational Fluid Dynamics. 
LNT Lean NOx Trap. 
NSR NOx Storage Reduction. 
OSC Oxygen Storage Capacity. 
PGM Platinum Group Metals. 
SGB Synthetic Gas Bench. 
WGS Water Gas Shift. 
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1. Introduction 
 One of the main issues associated to lean burn gasoline and diesel engines is attributed to the 

environmental concerns regarding their relatively high NOx emissions [1], [2]. The upcoming stringent 
emission regulations invoke the necessity of a reliable aftertreatment system capable of reducing NOx 
to levels below the legislation limit. Different aftertreatment technologies for NOx reduction have been 
implemented during previous decades [3], [4] and in this context Lean NOx Traps (LNTs), or in other 
words NOx Storage Reduction (NSR) catalysts, have been introduced as a promising technology for 
the abatement of NOx under lean-burn conditions [5]. 

The principle operation of an LNT can be described on the basis of lean/rich cyclic processes 
[6]. The adsorption/desorption of NOx on the trapping component, for instance BaO, during the lean 
phase results in the formation of nitrates and nitrites on the catalyst surface. When the active trapping 
sites are saturated, a short rich phase is started by introducing a reducing agent such as H2, CO, or 
HC, by means of fuel post-injection. It is noteworthy that water gas shift, steam reforming and primary 
oxidation of NO, producing NO2, and the reverse reaction, producing NO from NO2, in addition to di-
rect reduction of NO by means of HC, CO or H2 proceed via the presence of a precious metal, mainly 
Pt. 

Several studies have been dedicated to the analysis of the different stages of LNT system op-
eration. The lean phase which mainly contains the adsorption/desorption mechanisms has been inves-
tigated in several works, such as [7], [8] and [9]. On the other hand, the rich period mechanisms and 
the effect of using different reductants has also been extensively explored in [10], [11], [12] and [13]. 
As an example, Al-Harbi et al. [12] concluded that when CO is used as the reductant in wet conditions, 
due to the presence of water vapor, the Water Gas Shift (WGS) reaction takes place, which results in 
production of H2, which can act as an additional reductant. 

In the present work, the performance of a commercial Lean NOx Trap (LNT) of an automotive 
diesel engine has been studied, experimentally and by simulation models, with the aim to investigate 
the catalytic properties of a degreened catalyst sample. Primarily, experimental activities including 
light-off, Oxygen Storage Capacity (OSC) and NOx Storage and Reduction (NSR) were performed on 
a lab scale sample extracted from a full-scale monolith. Subsequently, the experimental results were 
then exploited in order to build an LNT model by means of a 1-D engine simulation fluid-dynamic 
code, GT-Power, in order to assess the impact of different reaction pathways which can be used for 
optimization purposes, control strategies and sensitivity analysis of different parameters. 

2. Experimental set-up and methods 
The lab scale samples were obtained from a full scale degreened monolith (the main charac-

teristics of which are reported in Table 1) as it can be observed in Fig. 1, such that the diameter of the 
sample does not exceed 18.5mm. 

 

 
Fig. 1. Extraction of lab scale samples from full scale monolith 

The experimental activity was performed at ACA – Center for Automotive Catalytic Systems of 
the RWTH Aachen University through a laboratory gas bench, shown in Fig. 2-a. The sample is put in-
to an isothermal cylindrical reactor. As depicted in Fig. 2-b, two thermocouples, 0.5 mm diameter 
each, are mounted in the gas flow upstream, TUS, and downstream, TDS, of the sample. Moreover, the 
temperatures at the sample central channel inlet, T1, middle (3 radial positions, T2, T4, T5), and outlet, 
T3, have also been measured. 

Gas concentration measurements were performed with a multicomponent FTIR with 1 Hz 
sampling frequency. 
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Since H2 measurements were not available downstream of the catalyst, the predicted catalyst 
outlet H2 concentration from simulation model could be validated only indirectly by checking the other 
species concentrations. 

Table 1. Main characteristics of the LNT under investigation 

Characteristic Unit Value 
Substrate material - Cordierite 
Cell density cpsi 400 
Wall thickness mil 4 

Dimensions  
(short radius x long radius x length) mm 68.58 x 68.58 x 96.6 

PGM loading g/ft3 120 
PGM ratio (Pt:Pd:Rh) - 103:12:5 

 

 
Fig. 2. Experimental setup: schematic view of laboratory gas bench (a) and thermocouple locations on the lab 

scale sample (b) 

2.1 Light-off test 

The light-off behavior of the catalyst during warm-up can be examined by means of light-off 
experiments through a temperature ramp cycle which gives the possibility to predict the CO and HC 
oxidation rates on the noble metal component as a function of the catalyst temperature [14]. The tem-
perature ramp cycle starts from 125°C to 300°C at a rate of 3 K/min. The experiment is performed at a 
space velocity of 80,000 1/hr with the inlet feed composition shown in Table 2. HCs are specified on a 
C3 basis and consist of a 2:1 molar ratio of propane (C3H8) to propylene (C3H6). 
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2.2 Oxygen Storage Capacity (OSC) test 

Thanks to the presence of ceria on the washcoat layer, the LNT demonstrates oxygen storage 
capacity. Ceria loading promotes water gas shift reaction activity and therefore favors H2 formation 
under rich conditions  [12], [15],  [16] which facilitates catalyst regeneration.  

The OSC experiment is performed at a space velocity of 30,000 1/hr with a sufficient pre-
reduction with H2 prior to each test run, 900 seconds. Five inlet temperatures, starting from 150 °C to 
450 °C are tested. 

OSC consists of a lean phase and a short rich phase by introduction of CO as the reducing 
agent. Overlap between feeding oxygen and CO simultaneously is avoided by waiting to feed CO until 
oxygen is completely shut-off. The inlet gas composition is presented in Table 3. 

Table 2. Inlet gas composition for light-off experiments in (concentrations on volume basis) 

Species  Composition 
HC [ppm] 400 
CO [ppm] 300 
H2 [ppm] 60 
O2 [%] 10 
CO2 [%] 5 
H2O [%] 5 
N2  Balance 

Table 3. Inlet gas composition for OSC experiments (concentrations on volume basis) 

Species  Lean phase (60 s) Rich phase (30 s) 
CO [ppm] 0 20000 
O2 [%] 0.5 0 
CO2 [%] 5 0 
H2O [%] 10 10 
N2  Balance Balance 

2.3 NOx Storage Reduction (NSR) test 

Finally, main characteristic of the LNT which includes the NOx adsorption/desorption during 
lean phase and NOx reduction during rich phase is explored by means NSR experiments [10] , [17]. 

The NSR test is carried out at a space velocity of 30,000 1/hr and a sufficient pre-reduction 
with H2 prior to each reactor run, 900 seconds. Five inlet temperatures, starting from 150 °C to 400 °C, 
are tested which are equally spaced in 1/T, where T is in Kelvin. The experiment is ideally repeated at 
each temperature using H2, CO, and HC (represented by propylene) as reductant for each step. The 
inlet gas composition for lean/rich cycle is reported in Table 4. 

Table 4. Inlet gas composition for NSR experiments (concentrations on volume basis) 

Species  Lean  Rich, H2  Rich, CO  Rich, HC  
Reductant [ppm] 0 1000 1000 110 
O2 [%] 10 0 0 0 
CO2 [%] 5 5 5 5 
H2O [%] 5 5 5 5 
NO [ppm] 300 0 0 0 
N2  Balance Balance Balance Balance 
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Since engine-out NOx emission mainly consists of NO, in the NSR test protocol inlet NOx only 
includes NO, although NO2 adsorption/desorption kinetics can be  indirectly characterized due to pro-
duction of NO2 from oxidation of NO. 

3. Simulation model 
The LNT model was built at first for the reactor scale sample, i.e. for a cylinder of 18 mm di-

ameter and a length of 96.6 mm, corresponding to the full monolith length. 
The reaction mechanism is a global-type surface reaction mechanism using Turnover Number 

reaction rate format. It incorporates the NO oxidation, NOx adsorption/desorption on barium sites, oxy-
gen storage on ceria and NOx reduction reactions in addition to WGS and steam reforming reaction 
taking place over PGM. 

The reaction rates can be expressed by general form of Arrhenius term as expressed in Equa-
tion 1: 

i

i
ai

i

i G

C
RT
EA

R
θ)exp(−

=                                                          (1) 

 
in which: 

• R represents the rate of reaction i 
• A and Ea stand for pre-exponent multiplier and activation energy, respectively 
• G accounts for inhibition terms, if required, and  C represents the reactant concentrations in 

mol/m3 
• θ stands for the surface site coverage varying between 0 to 1 

Calibration of the model is performed with the aim of minimizing an objective function: 

 dtCCFunctionErrorObjective
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t

simulatedmeasured

end

∫ −=
0

||)(                          (2) 

The calibration parameters, or independent variables, include site densities, pre-exponent 
multiplier and activation energy for each reaction. Since the OSC and NSR tests are performed at 
constant temperature steps, Arrhenius plot can be used for characterizing the pre-exponent multiplier 
and activation energy for each reaction. Therefore, calibration is performed starting from the lowest 
temperature and moving to the next highest temperature; at each temperature an optimal rate is found 
without temperature dependency and the temperature dependency is determined by using the Arrhe-
nius plot to yield an activation energy as it can be observed in Fig. 3. 

 
Fig. 3 Arrhenius plot used for calibration 

More details regarding the calibration approach can be found in [18]. 

3.1 OSC model 

The reactions in this step include the storage of oxygen on ceria site during lean phase and 
the reduction of stored oxygen by means of CO during rich phase. 
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In addition, due to the presence of H2O in the inlet feed, during rich phase H2 is produced as a 
result of WGS reaction over the precious metal Pt. The reaction mechanism can be described as re-
ported in Table 5. 

Table 5. Reaction mechanisms for OSC experiments 

# Site Reaction 

1 ceria 2232 25.0 CeOOOCe →+  

2 ceria 
2322 COOCeCOCeO +→+  

3 ceria OHOCeHCeO 23222 +→+  

4 ceria OHCOOCeHCCeO 2232632 3/13/19/12 ++→+  

5 PGM 222 HCOOHCO +↔+  

 
Thanks to the fact that CO2 is not injected during rich phase, all the CO2 measured at the out-

let can be related to WGS reaction, which is utilized for the calibration of WGS reaction. 
Considering the H2 and HC reactions in OSC test, since the test protocol does not include HC 

and H2 at the inlet batch, a preliminary value from literature was used which was further tuned during 
NSR test focusing on the reductant breakthrough. 

The optimized pre-exponent multipliers and activation energies for OSC reaction mechanisms 
are expressed in Table 6. 

It is worth noting that the reactions on PGM are inhibited by Voltz-type inhibition function with 
following equation: 

321 GGGGvoltz ××=                (3) 

In which: 

2
CCO

1 )C  T)(-215.34/  exp 274.82+C  (63.451/T) 9.467exp+(1
1

63H

G =           (4)  

)CC    (9715.6/T)   0.00061exp+(1
1

2
C

2
CO

2

63H

G =                                                     (5) 

)C  T)9/ exp(-6206. .554E65+(1
1

NO
2 =G                                                                    (6) 

 
Table 6. Optimized pre-exponent multiplier and activation energy for OSC test 

# Pre-exponent Multiplier Activation Energy [J/mol] 

1 0.1 0 

2 3.2 )9.01(1800
2CeOθ−  

3 12.6 )7.01(2900
2CeOθ−  

4 0.06 )9.01(1800
2CeOθ−  

5 3.24E6 61000 
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3.2 Light-off model 

As far as light-off experiments modelling are considered, the reaction mechanism [19] includes 
the previously calibrated reactions using OSC tests, (see Table 5), in addition to oxidation of CO, HC 
and H2 and steam reforming reactions which are presented in Table 7, including the pre-exponent mul-
tiplier and activation energy obtained for each reaction. 

Table 7. Reaction mechanisms for light-off experiments 

# Site Reaction 
Pre-exponent 

Multiplier 
Activation 

Energy [J/mol] 

1 PGM 225.0 COOCO →+  
1E13 88190 

2 PGM OHOH 222 5.0 →+  
1.8E15 111450 

3 PGM OHCOOHC 22263 335.4 +→+
 

1E15 104600 

4 PGM OHCOOHC 22283 435 +→+  1.5E6 71100 

5 PGM 
2263 633 HCOOHHC +→+  6E8 89200 

6 PGM 
2283 733 HCOOHHC +→+  1.2E13 174200 

3.3 NSR model 

During NOx storage phase the reaction mechanism includes NO oxidation on the PGM and 
NOx adsorption/desorption on the barium sites, in the form of barium nitrates and barium nitrites, using 
the reaction pathway exploited by [20]. 

225.0 NOONO ↔+                                                                                         (7) 

232 )(5.12 NOBaONOBaO ↔++                                            (8) 

2322 )(5.02 NOBaONOBaO ↔++                          (9) 

222 )(5.02 NOBaONOBaO ↔++                                  (10) 
NONOBaNOBaO +→+ 232 )(3                   (11) 

23222 )(5.0)( NOBaONOBa →+                                                       (12) 
In order to take into account the non-monotonic storage capacity of barium sites with respect 

to temperature, multiple-adsorption site model was considered [9], [21], including three kinds of barium 
sites which differ in the active site density. It was observed that, for temperatures lower than 210 °C, 
two types of barium sites are sufficient, while at higher temperatures the third kind of barium site is ac-
tivated, which is inhibited by NO at lower temperatures with a function G defined as: 

NOT)Cexp(10190/ 50.00022617+1
1G =                         (13) 

As far as reduction reactions are considered, due to the production of H2 from WGS and 
steam reforming reactions when CO and C3H6 are used as the reductant, respectively, the calibration 
is started from the cases where H2 is used as the primary reductant. In this case the reaction mecha-
nism is set according to [22], [23], [24]. 

OHNHBaOHNOBa 23223 528)( ++→+                                 (14) 

OHNBaONHNOBa 22323 5
3
8

3
10)( ++→+

                         (15) 
OHONBaONHNOBa 22323 322)( ++→+                                              (16) 
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OHNOBaONHNOBa 2322 5
3

5
12

5
2)( ++→+

                                         (17) 
Other reaction mechanisms include the reduction of stored NOx by CO and propylene produc-

ing NO and N2 on barium sites and over the precious metal. 
The calibration is performed step by step as follows: 

1. NOx storage  
2. NOx reduction, H2 reductant 
3. NOx reduction, CO reductant 
4. NOx reduction, C3H6 reductant 

In each step, the calibration is performed moving from lower to higher temperature cases us-
ing Arrhenius rate functions.  

4. Results and discussions 
The result of OSC calibration model for each inlet temperature is shown in Fig. 4, considering 

that the start of the rich phase is characterized by the injection of CO as the reductant. 
The production of CO2 as a result of water gas shift reaction is predicted with good accuracy, 

which increases by increasing temperature, such that at higher temperatures all CO is converted to H2 
and CO2. Moreover, CO breakthrough which takes into account the stored O2 clean-off from ceria sites 
matches the experimental data with satisfactory accuracy. 

Considering light-off test, results are shown in Fig. 5. It can be observed that both the concen-
trations and the conversion efficiencies are in good agreement with experimental data. As expected, 
the slow oxidizing HC, in this case propane, does not reach light-off until 370 °C.  

In more detail, light-off temperatures based on 80% conversion efficiency are reported in Fig. 
6. The error between simulated and experimental light-off temperatures does not exceed 4 °C. It is 
noteworthy that since CO light-off temperature considering 50% conversion could be lower than the 
minimum temperature used in this test, 80% efficiency level was selected for light-off definition. 

 
 

 
Fig. 4. OSC calibrated simulation model results in comparison with experimental data 
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This behavior can, at least in part, be attributed to the fact that the light-off inlet batch does not 
include NO, which typically shows an inhibition effect over the PGM: hence with the presence of NO, 
all light-off temperatures would be shifted to higher values. Moreover, the presence of considerable 
amount of H2 in the inlet batch of light-off (CO/H2 = 300/60 = 5), Table 2, affects strongly CO and HC 
oxidation and thus their light-off temperature [25].This effect can be furtherly investigated by perform-
ing SGB tests with different H2 concentrations. 

 
Fig. 5. Light-off calibrated simulation model results in comparison with experimental data 

 
Fig. 6. Comparison of simulation and experimental light-off temperature based on 80% efficiency 

As far as NSR tests are concerned, the results considering H2, CO and C3H6 reductants are 
shown in Fig. 7, Fig. 8 and Fig. 9, respectively. 

It is worth noting that the NO and NO2 concentrations during regeneration phase is identical to 
experimental data considering all the three reductants injected during rich pulse. Besides, it has been 



10 F. Millo, M. Rafigh, S. Wahiduzzaman, R. Dudgeon 

 

found out that C3H6 is less efficient in terms of NOx slip abatement during reduction phase [26], specif-
ically at low temperatures as shown in Fig. 9. 

Furthermore, it can be appreciated that even when CO and C3H6 are used as the primary re-
ductants, the main share of regeneration is carried out by H2 as a result of WGS and steam reforming 
reactions, specifically at higher temperatures where H2 production is favored. 

It should be noted also that at 193 °C when propylene is used as the primary reductant, the 
NO concentration resulting from simulation is over estimated. However, this mismatching could be, at 
least in part, attributed to experimental errors. Due to the fact that the test rig is not fully automated, 
the storage part in this case is not identical with other experiments at 193 °C, hence the simulation 
model apparently over estimates the NO outlet concentration. 

 

 
Fig. 7. NSR calibrated simulation model results in comparison with experimental data (H2 used as reductant) 

In addition, average site coverages for the three barium sites are presented in Fig. 10 during 
NSR test in which CO is used as the primary reductant. It can be observed that site coverages de-
crease during storage phase due to adsorption of NOx species on barium. Afterwards, during rich 
pulse in which reductant is injected, adsorption capacity of the system is recovered. 
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Fig. 8. NSR calibrated simulation model results in comparison with measured data (CO used as reductant) 

 
Fig. 9. NSR calibrated simulation model results in comparison with experimental data (C3H6 used as reductant) 



12 F. Millo, M. Rafigh, S. Wahiduzzaman, R. Dudgeon 

 

The comparison between experimental and predicted NOx conversion efficiency is depicted in 
Fig. 11. The simulation results show acceptable matching with experimental data with maximum dif-
ference not exceeding 10%, if the excluding the case in which propylene was used as the primary re-
ductant at 193 °C, due to the experimental error already discussed. It can be observed that at low 
temperatures H2 is the most effective reductant, reaching 32% and 38% of conversion efficiency from 
measured data and simulation model, respectively, exhibiting higher NOx conversion with respect to 
CO and propylene.  

 

 
Fig. 10. Average barium site coverages during NSR test when CO is used as the primary reductant 

 
Fig. 11. Comparison between predicted and experimental NOx conversion efficiency using different reductants H2 

(a), CO (b) and C3H6 (c) 
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Conclusions 
In the present work, the catalytic properties of a commercial Lean NOx Trap of the 

Pt/BaO/Al2O3 type for controlling NOx emissions in an automotive diesel engine have been investigat-
ed experimentally and numerically. 
The light-off, Oxygen Storage Capacity (OSC), NOx Storage and Reduction (NSR) experiments were 
performed on a lab scale sample extracted from a full-scale monolith at standard space velocity of 
30,000 1/hr and 5 constant inlet temperatures starting from 150 °C to 400 °C, spaced equally in 1/T in 
order to simplify the determination of temperature dependent rate constants. The NOx reduction tests 
were carried out considering three types of reductants: H2, CO and C3H6. 

Afterwards, a 1-D CFD simulation model of the LNT catalyst was built by using a commercially 
available software, GT-Power developed by Gamma Technologies Inc. The model was calibrated and 
the optimized calibration parameters including the ceria and barium site densities, pre-exponent multi-
pliers and the activation temperature of each reaction were found aiming to minimize the Mean Square 
error between simulated and experimental concentrations of the reaction products downstream of the 
catalyst. 

After a first calibration of the model for the OSC and light-off experiments, the model was cali-
brated for the NOx storage experiment by considering three kinds of barium sites with different site 
densities in order to take into account the non-uniformity of barium sites distribution. It is worth noting 
that the third barium site is activated at temperatures higher than 210 °C and is inhibited by NO at 
lower temperatures. NOx adsorption/desorption over the barium sites in addition to NO oxidation on Pt 
which mainly govern the lean phase were calibrated. At the end, the rich phase was modelled starting 
from the tests where H2 was injected as the primary reductant, since H2 is produced as a result of 
WGS and steam reforming reactions when CO or C3H6 are injected, respectively.  

In addition, it was realized that due to presence of water vapor in the inlet batch, WGS and 
steam reforming result in high production of H2 even when CO and C3H6 are used as the primary re-
ductants; subsequently, the main share of regeneration is carried out by H2, specifically at higher tem-
peratures. Moreover, propylene presented a lower effectiveness in terms of NOx slip abatement during 
reduction phase. 

At the end, it is worth pointing out that the simulation results coming from the LNT calibrated 
model for the lab scale component indicated acceptable accuracy with experimental data, with a max-
imum error of 4 °C in terms of light-off temperature prediction and maximum relative error of 10% in 
NOx conversion efficiency. 

Future activity will therefore be dedicated to the refinement of the simulation model for the full-
scale component, aiming to validate the predictive capability of the LNT model and assess the perfor-
mance of the component over driving cycles. Moreover, the analysis of the effect the sulphur content 
on the LNT performance, both experimentally and analytically, is a part of future investigations. 
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